The applicability of the silver sulfate-acid dichromate oxidation (chemical oxygen demand) method for determining the carbon-bound electron compositions of microbial cells, substrates, and metabolic by-products was evaluated. An approach for approximating the carbon-bound electron composition of microbial cells from CHN data is also presented. Ten aliphatic and aromatic carboxylic acids, 17 amino acids, and 8 sugars generally gave 96 to 101% (mainly -98%) recovery with 0.0625 N dichromate (digestion mixture of 10 ml of sample-10 ml of 0.25 N dichromate-20 ml of Ag2SO4-amended concentrated H2SO4). Recoveries of nicotinic acid (5%) and methionine (65%) were incomplete; arginine (125%) and two purine and three pyrimidine bases (105 to 120%) were overestimated. The validity of 0.0625 N dichromate for determining the carbon-bound electron composition of bacterial cells was supported by theoretical analysis of the carbonbound electron composition of hypothetical bacterial cell material (defined monomer composition) and by the compatibility of elemental and dichromate oxidation-derived carbon-bound electron compositions of typical bacterial cells.
The efficiency of heterotrophic microbial growth is a function of the relative amount of carbon/energy substrate assimilated for cell biosynthesis versus the amount dissimilated for energy. Recognition of the importance of standardizing efficiency in terms of the relative partitioning of substrate carbon-bound electrons for assimilatory and dissimilatory purposes is widespread, although terminology has yet to be standardized. Thus, electron equivalents (e-eq) (8), available electrons (4, 16) , oxygen equivalents (7, 8, 13) , and reduction equivalents (3, 14, 22) are integral components of recently developed or commonly used growth efficiency concepts and equations. As illustrated in Tables 1  and 2 , calculation of the C-bound electron composition of microbial substrates, metabolic byproducts, or cell materials is readily accomplished from a knowledge of elemental composition, using the half-reaction approach (8) . Alternatively (equation 3), C-bound electron composition may be expressed indirectly, as the amount of 02 required for combustion of organic materials (7); e.g., for typical bacterial cell material (Table 1 , line 11): C4H701.5N + 6.5H20 4CO2 + NH3 + 17e-+ 17H+ 17e-+ 17H+ + 4.2502 -8.5H20 (2) Dichromate oxidation has long been used for microbial growth characterization (2, 9, 20) and for determining soil and plant organic matter (1, 6) and the chemical oxygen demand of organic wastes (11, 17) . Based on a relatively restricted range of biochemicals, organic C compounds and organic N compounds are, with few known exceptions (e.g., benzene, toluene, and pyridine), quantitatively oxidized to C02 and C02 plus NH4', respectively; but efficient oxidation of certain organics, particularly acetate-related compounds, requires an Ag2SO4 catalyst (11, 17 (1)
For interconversions between e-eq and other mass parameters: 1 e-eq of organic material (e.g., 1,000/24 = 41.7 mmol, or 180/24 = 7.5 g of glucose) = 1 e-eq of ferrous ammonium sulfate 'The cell C-bound electron/cell N ratio is identified in the half reaction.
(1,000/1 = 1,000 mmol) reduces one e-eq dichromate (1,000/6 = 166.7 mmol) 1 e-eq of oxygen (1, ately; dissolution of such compounds as the purine and pyrimidine bases required addition of a few drops of 10 N NaOH. Bacterial cell suspensions were washed twice with phosphate buffer (0.06 M, pH 6.8) between centrifugations, diluted to about 100 me-eq/liter in distilled water, and then acidified (1 drop of concentrated H2SO4 per 10-ml suspension) for refrigerated storage before analysis.
Methods. The method used for determining the Cbound electron compositions of microbial biochemicals was essentially the same as the standard silver sulfate-acid dichromate reflux method for determination of the chemical oxygen demand of organic wastes (17) . All glassware was thoroughly cleaned with dichromate cleaning solution and rinsed with organicfree distilled water before use. Unless specified otherwise, a 10-ml sample of an aqueous solution containing 10 me-eq of test material (10 ml of distilled water for the blank) was placed in a 300-ml, flat-bottomed reflux flask containing about 10 glass beads followed by addition of 10 ml of 0.25 N standard potassium dichromate solution. Twenty milliliters of silver sulfateamended concentrated sulfuric acid (22 g of Ag2S04 per 9-pound (ca. 4.08-kg) bottle of concentrated acid, about 3 days allowed for dissolution) was then added slowly with continuous swirling and mixing; the neck of the flask was rinsed with <1 ml of distilled water (to prevent the flask from freezing to the condenser) followed by immediate connection of the flask to a water-cooled condenser positioned over a precalibrated hot plate. The flask was refluxed with gentle boiling (140 to 14500) for 2 h. Digestion at less than boiling resulted in incomplete oxidation for some biochemicals; vigorous boiling caused poor reproducibil- warm-up and followed by a 30-min cooling period. Following cooling, the condenser was rinsed down with about 10 ml of distilled water. The flask was removed, diluted with 50 ml of distilled water, and cooled to room temperature in a cold water bath (about 10 min). The excess dichromate in the diluted digestion mixture was then titrated with standard 0.10 N (approximately) ferrous ammonium sulfate, using ferroin indicator (2 drops) and a magnetic stirrer. A consistent titration technique is critical for high precision: before titrating, the sides and neck of the flask should be rinsed with organic-free distilled water, the stirrer should not be turned on until titration is to begin; refluxed samples should not be permitted to stand for an extended time period. The end point is the first sharp color change from blue-green to orange or reddish brown (even though the blue-green color may reappear within minutes). The carbon-bound e-eq content, s(me-eq/liter), of the sample was calculated as follows:
(a-b)N x 1,000 (6) where a is the volume (milliliters) of Fe(NH4)2(SO4)2 used for the digested blank, b is the volume (milliliters) of Fe(NH4)2(SO4)2 used for the sample, N is the normality (e-eq/liter) of the Fe(NH4)2(SO4)2, and Vis the volume (milliliters) of sample added to the digestion flask (usually 10 ml).
RESULTS AND DISCUSSION Applicability of dichromate oxidation for determining carbon-bound electron composition. In general (Table 2) , the diverse aliphatic and aromatic carboxylic and amino acids and sugars evaluated showed 296% (mainly 2-98%) recovery with 0.0625 N dichromate (10 ml of 0.25 N dichromate in 40 ml of digestion mixture). Increasing the dichromate concentration twofold, to 0.125 N, caused only a slight increase in recovery (e.g., sugar recovery increased from 96 to 97%), but, consistent with the findings of Moore and Walker (11) , decreasing the concentration through 0.03125 to 0.00625 N frequently, although not always (e.g., succinate), caused a marked decline in recovery (Table 3) . Proline was particularly sensitive to dichromate concentration, with recoveries ranging from 97% with 0.125 N to only 50% with 0.00625 N dichromate. The low recovery of nicotinic acid (Table   2) is consistent with the refractory nature of pyridine (17) . Methionine was the only other compound of those evaluated that showed markedly incomplete recovery with 0.0625 N dichromate ( (Table 2) . Cystine, the other S-containing amino acid analyzed, gave high recoveries with -0.0625 N dichromate (Tables 2 and 3) , consistent with complete oxidation of the organic S to sulfate ( Table 2) . Overestimations of C-bound electron composition occurred for arginine (120 to 125%) and heterocyclic N purine and pyrimidine bases (105 to 120%) (Tables 2 and 3 ). The most likely explanation of this phenomenon is partial oxidation of the organic N to N2 or more oxidized N species rather than quantitative release of the N as ammonia. In line with the trend shown by most pure compounds (Table 3) , Cbound electron recoveries for bacterial cell systems decreased progressively (down to about 90% recovery) as dichromate normality was lowered from 0.0625 to 0.00625 (Table 4) . Precision on an absolute concentration basis was high for each dichromate concentration, usually less than ±2 and frequently less than ±1 me-eq/liter, but deviations expressed on a percent basis understandably increased with decreasing sample/dichromate concentration ( Table 3) .
The applicability of 0.0625 N dichromate oxidation for determining the C-bound electron composition of microbial cells was evaluated (Table 5 ) by comparing the theoretical versus dichromate oxidation-derived C-bound electron compositions of hypothetical, typical bacterial cell material (12, 21) . Oxidation with 0.0625 N dichromate should recover 98, 96, 101, and 97% of the C-bound electrons of the bacterial protein, polysaccharide, nucleic acid, and lipid components, respectively, giving a total recovery for the intact cell material of about 98% (Table 5) (Table 1) .
In practice, the choice of dichromate system ( from declining accuracy for many biological materials (Tables 3 and 4 ) and are not recommended for general use. However, for C-bound electron levels of<10 me-eq/liter, use of 0.00625 N dichromate cannot be avoided (Table 6 ). Such levels are characteristic of the filtrates of energylimited growth yield cultures, where the primary concern is validation of substrate exhaustion, and the 5 to 10% recovery decline associated with the use of 0.00625 N dichromate for many pure compounds ( Table 2 . Percent recoveries for aspartate, estimating microbial cell "organic" oxygen concysteine, deoxyribose, and palmitate were assumed to be the tent, information needed for calculation of the same as those for asparagine, cystine, ribose, and butyrate, empirical CHON formula used for C-bound elecrespectively. Percentages used for arginine and lysine were . . 123.3 and 100.4, respectively. Numbers in parentheses are tron composition determiation (Table 1) . For percentages of theoretical values.
example, cells of Klebsiella pneumoniae have a 'Includes 0.81 S-bound me-eq/g of cells ( Table 2) . composition of about 47.5% C, 13.0% N, and 7.1% f Includes 1.61 S-bound me-eq/g of cells ( 
